Incubation of sickle cells with cystamine, a thiol reagent, resulted in the formation of an intracellular Sethylamine derivative. The rate of the reaction was dependent upon the cystamine concentration, the temperature, and the duration of the incubation. The cystamine-treated cells demonstrated a marked inhibition of sickling under hypoxic conditions, a decrease in their mean corpuscular hemoglobin concentration, and a significant increase in their oxygen affinity. The oxygen affinity of these cells was less dependent on their mean corpuscular hemoglobin concentration than that of untreated sickle cells. The minimum gelling concentration of Sethylamine deoxyhemoglobin S was slightly increased. Cystamine did not affect the intracellular pH nor the 2,3-di hosphoglycerate level. The exact contribution of the interrelated factors in cystamine inhibition of sickling (changes in oxygen affinity, mean corpuscular hemoglobin concentration, and minimum gelling concentration) has yet to be determined. Under hypoxic conditions, hemoglobin S (Hb S) molecules polymerize either in concentrated solutions (1, 2) or within erythrocytes (3, 4), giving rise to sickled cells. The polymerization of Hb S within the erythrocytes results in an abnormally low oxygen affinity (5, 6), which is dependent on Hb concentration within the cells containing Hb S (S cells) (7).
phoglycerate level. The exact contribution of the interrelated factors in cystamine inhibition of sickling (changes in oxygen affinity, mean corpuscular hemoglobin concentration, and minimum gelling concentration) has yet to be determined. Under hypoxic conditions, hemoglobin S (Hb S) molecules polymerize either in concentrated solutions (1, 2) or within erythrocytes (3, 4) , giving rise to sickled cells. The polymerization of Hb S within the erythrocytes results in an abnormally low oxygen affinity (5, 6) , which is dependent on Hb concentration within the cells containing Hb S (S cells) (7) .
Several agents have been reported to inhibit sickling, such as cyanate (8) , nitrogen mustard (9) , alkylurea (10), dimethyl adipimidate (11) , and, more recently, bis(N-maleimidomethyl) ether (12) . Cystamine, a thiol reagent (NH2-CH2-CH2-S-S-CH2-CH2-NH2), has been shown to bind to Hb (13) . The Sethylamine Hb derivative migrated as a single electrophoretic band distinct from that of the unreacted Hb. This property provided a simple means of quantitation of the cystaminereacted fraction. The S-ethylamine Hb exhibited a high oxygen affinity and a reduced Bohr effect (14) . In view of these properties, it was reasonable to suspect that cystamine could exert an antisickling effect.
In the present report, the effects of cystamine on the sickling of S cells and on some related phenomena are presented.
MATERIALS Fresh blood samples from individuals homozygous (SS), heterozygous (AS), and doubly heterozygous (SC) for sickle hemoglobinopathy and from normal adults were drawn into EDTA as anticoagulant. The composition of this anticoagulant was 1% EDTA, 0.6% NaCI, and 6% glucose (wt/vol); it maintained a constant level of 2,3-diphosphoglycerate (P2-G) in the erythrocytes during a minimum period of 7 Rose and Leibowitz (15) . Hemolysates were prepared according to Drabkin (16 the partial pressure of oxygen at which Hb is half saturated with oxygen (P50) to pH. The interaction with P2-G was studied by determination of the P50 of stripped S-ethylaiiine and control Hb solutions, to which different concentrations of P2-G had been added.
Effect of Inositol Hexaphosphate (Ins-F6). The effect of
Ins-P6 was studied by comparing the spectral changes undergone by the ferri form (MetHb) of Hb S and cyst-Hb S upon the addition of an excess of Ins-P6 (20) . Hb S and cyst-Hb S were first oxidized to the corresponding MetHb in the presence of potassium ferricyanide and then chromatographed on a Sephadex G25 column equilibrated with 0.1 M sodium phosphate buffer (pH 6.5). Difference spectra were recorded in the absence and in the presence of a 5 molar excess of Ins-P6 0.1 M phosphate buffer at pH 6.5 with a Cary 118 C spectrophotometer.
Gelation Studies. Gelation experiments were performed by the method of Singer and Singer (21) , as modified by Bookchin and Nagel (22) . Solutions of Hbs and of cyst-Hbs were subjected to simultaneous vacuum concentration and dialysis against 0.15 M potassium phosphate buffer (pH 7.35) at 4°. Hb S, cyst-Hb, and mixtures of Hbs S/cyst-S, S/A, cyst-S/A, S/cyst-A, and cyst-S/cyst-A were studied. All samples were subjected to control electrophoresis, MetHb measurements, and pH determinations before and after gelation. Samples containing more than 2% of MetHb (23) before, or more than 6% after, gelation were discarded. On account of the high oxygen affinity of the cyst-Hbs, nitrogen was bubbled for 90 min; this period was sufficient to assure a complete deoxygenation of all the samples, as proven by recording the spectra.
Effect of Cystamine on Some Enzyme Activities and (24) .
RESULTS
The electrophoretic patterns obtained from hemolysates of A, SA, SC, and S cells that had been incubated for 1 hr with 1 mM cystamine are compared to those of controls (Fig. 1) . A homogeneous, slowly migrating band was present in addition to the unreacted Hb in each incubated sample. This result was similar to those obtained with Hb solutions as previously described (13, 25, 26 ceeded at identical rates for intracellular Hbs S, C, and A (Fig.  1) . However, it was dependent on the cystamine concentration, the temperature, and the duration of incubation of the cells (Fig. 2) . The incubation of the cells with 1 mM cystamine for 1 hr at 370 resulted, therefore, in the reaction of 55 ± 5% of the intracellular hemoglobin.
The mean corpuscular Hb concentration (MCHC) of A or S erythrocytes was constantly decreased when cells were incubated with cystamine in isotonic medium. The decrease in MCHC reached 5 + 0.5% and 10 ± 1% at 1 mM and 2 mM cystamine concentrations, respectively, and was associated with an equivalent increase in the mean corpuscular volume.
Effect of Cystamine on Oxygen Dissociation Properties.
The P50 values of S and A cells were studied before and after reaction with cystamine. The cystamine-treated S and A cells showed various degrees of increased oxygen affinity which depended on the extent of reaction of the intracellular Hb with cystamine. Reaction of about 55% of the intracellular Hb resulted in a 32% decrease in the P50 values of both A and S cells at pH 7.15 and 7.45 (Table 1 ). The P2-G levels and pH values, in controls and cystamine-treated cells, were identical. The increase in oxygen affinity of cystamine-treated cells could not therefore be explained by variations in P2-G concentrations or in intracellular pH. Results of the oxygen dissociation properties of Cyst-Hbs A and S are shown in Table 2 . The oxygen affinity of cyst-Hb S (or A) was considerably greater than that of unreacted Hbs without modification of the cooperativity. The Bohr effect over (14) on solutions of cyst-Hb A. A lower interaction with P2-G for cyst-Hb S (or A) was also found. The data in Table 2 indicate that the average effect of different concentrations of P2-G on the shift towards the right of the oxygen dissociation curve of cyst-Hb S is 30% less than its effect on that of unreacted Hb S.
Effect of Cystamine on Sickling. At a partial oxygen pressure of 10 mm Hg, the cystamine-treated S cells showed a reduced tendency to sickle, which correlated with the cystamine concentration and hence with the proportion of the cystamine-reacted Hb (Fig. 3a) . The percentage of sickle cells was reduced from 80% in untreated cells to 22% in cells treated with 1 mM cystamine, i.e., cells in which about 55% of the Hb was reacted. In cells treated with 2 mM cystamine, in which the reaction of intracellular Hb with cystamine was complete, erythrocyte sickling did not occur (Fig. 3a) . However (Fig. 3b) . This was expected from the high oxygen affinity of cyst-Hbs. The same data are shown in Fig. Sc , in which the abscissa represents the mean oxygen saturation of S cells from three patients. It clearly appears that the proportion of sickle cells is higher at a given oxygen saturation in the untreated samples than in the cystamine-reacted cells. These results indicate that a part of the antisickling effect of cystamine is independent of its influence on oxygen affinity.
Effect of Ins-P6 on cyst-MetHb S. The addition of a 5 molar excess of Ins-P6 to MetHb S in 0.1 M phosphate buffer at pH 6.5 produced spectral changes identical to those observed with solutions of MetHb A (20) , and indicated conversion to the deoxy T conformation. The addition of the same concentration of Ins-P6 to cyst-MetHb S resulted in much smaller spectral changes than those obtained with MetHb S (Fig. 4) , indicating a stabilization of the oxy R conformation.
Dependence of the Oxygen Affinity of Cystamine-Treated Cells on MCHC. The dependence of the P5o on the MCHC of control and cystamine-treated A and S cells is shown in Fig. 5 . The cystamine-treated cells contained 55 ± 5% of their respective intracellular Hbs in a reacted form, as deduced from control electrophoresis. Unlike the A cells, the S cells displayed a great dependence of the P50 upon MCHC. Their regression coefficient (0.95 mm Hg/g dl) was higher than that of A cells Table 3 . The values for the minimum gelling concentration of deoxy Hb S (23.9 g/dl) and for a deoxygenated mixture of 60% Hb A and 40% Hb S (31.5 g/dl) are similar to those previously reported (22) . The minimum concentration of Hb required for gelation of solutions containing cyst-Hb S was higher than that for solutions containing unreacted Hb S ( (30) . The modifications of minimum gelling concentration produced by cystamine suggest alterations in some bonds that form the polymer or gel. Moreover, since the mixtures of Hb S and cyst-Hb A have the same minimum gelling concentration as mixtures of Hb S and unreacted Hb A, it seems that Hb S itself must be altered. This supports a mechanism of conformational change that results from the stabilization of the quaternary oxy state and is suggested by the decreased interaction of cyst-Hb with P2-G and by the attenuated spectral changes that occurred in the presence of excess Ins-P6. This hypothesis is consistent with the conclusions of Bookchin and Nagel in studies of the minimum gelling concentration of half-liganded Hb S (31). 
